have an indistinguishable ribosomal internal transcribed spacer (ITS) DNA sequence, but exhibit surprisingly high levels of intra-and interspecific sequence variation of the mitochondrial cytochrome oxidase I (CO1) gene. To test whether different populations of these reportedly very similar species could be discriminated using morphometric methods, we examined the morphometry of four different populations representing different mitochondrial clades. Twenty five point-to-point measurements, including five new characters of the attachment hooks, were recorded from three Norwegian laboratory populations (G. salaris from the Rivers Lierelva and Rauma, and G. thymalli from the River Rena), and from one wild population of G. thymalli from the River Test, UK. The Norwegian populations were kept under identical environmental conditions to control for the influence of temperature on the haptoral attachment hooks. Data were subsequently subjected to univariate and linear stepwise discriminant analyses. The model generated by the linear stepwise discriminant analysis used 18 of the 25 original variables, the first two roots accounting for 96.6% of the total variation between specimens. The hamulus shaft length accounts for 66.7% of the overall correct classification efficiency. Based on morphometry, all specimens were assigned to the correct species. Apart from three specimens of G. salaris from the River Lierelva population which were misclassified as belonging to the G. salaris Rauma population, all specimens were assigned to the correct population. Thus, populations of Gyrodactylus identified by mtDNA can also be discriminated using morphometric landmark distances.
In the mid-seventies Gyrodactylus salaris Malmberg, 1957 , an ectoparasite originally described from Atlantic salmon (Salmo salar L.) parr from the Hölle laboratory, Indalsälv, Sweden, was recorded at the Forsøksstasjon for laks (FFL), Sunndalsøra, Norway. G. salaris has since been found in more than 40 Atlantic salmon rivers in Norway where it has caused significant damage both in ecological and economic terms (Johnsen et al. 1999) . G. salaris has also been recorded from several rainbow trout farms and salmon hatcheries in Scandinavia and continental Europe (Malmberg and Malmberg 1993 , Mo 1994 , Koski and Malmberg 1995 , Johnsen et al. 1999 , Buchmann et al. 2000 . The benign species G. thymalli Žitňan, 1960, originally described from grayling, Thymallus thymallus L., from the Rivers Hron and Hnilec, Slovakia (Žitňan 1960) , is morphologically very similar to G. salaris (see Ergens 1983 , McHugh et al. 2000 . G. thymalli has been recorded from Fennoscandia, Russia, continental Europe and the UK. Morphometric discrimination of G. salaris and G. thymalli is possible using sophisticated statistics (McHugh et al. 2000) , but this study was based on a limited number of G. thymalli specimens, and on G. salaris specimens that were pooled from several populations across Scandinavia. However, these species have been shown to have different host preferences (Soleng and Bakke 2001 , Bakke et al. 2002 , Sterud et al. 2002 .
The ribosomal ITS region of both G. thymalli and G. salaris collected from different salmonids over a wide geographical range have been found to be almost identical (Matejusová et al. 2001, Zietara and Lumme 2002) , indicating conspecificity of these two species. Sterud et al. (2002) found small but consistent differences between G. salaris and G. thymalli in the nucleotide sequences of the intergenic spacer (IGS) of the ribosomal DNA cassette. Surprisingly high levels of intra-and interspecific differentiation of the mitochondrial cytochrome oxidase I gene (CO1) in populations of G. salaris and G. thymalli populations have recently been detected (Hansen et al. 2003 , Meinilä et al. 2004 ). Several clades of mitochondrial haplotypes were described, specific for either G. salaris or for G. thymalli, with no overlap between them. We therefore studied whether populations of G. thymalli and G. salaris that bear mitochondrial haplotypes from different/distinct clades could be separated by morphometry. In addition, to the morphometric parameters currently in use for Gyrodactylus taxonomy we wanted to assess whether new morphometric characters would increase the discriminatory power. Previously it has been shown that some morphometric characters of gyrodactylids are influenced by temperature (e.g. Mo 1991a, b, c) , and therefore laboratory strains kept under constant conditions were studied. This study aims to improve the methodology based on landmark distances as a tool for discriminating between populations of G. salaris and G. thymalli.
MATERIALS AND METHODS
Gyrodactylus populations. Specimens of native populations of Atlantic salmon, Salmo salar, from the Rivers Lierelva (SE Norway) and Rauma (W Norway) and grayling, Thymallus thymallus, from the River Rena (SE Norway) were collected and transported to the aquaria at the Zoological Museum, NHM, University of Oslo. The fish were then lightly anaesthetized and examined for the presence of Gyrodactylus. Two cultures of G. salaris (one from each of the two salmon populations) and a culture of G. thymalli (from grayling) were established by transfer to naïve hosts and maintained on their respective hosts for approximately 6 months under identical laboratory conditions (in separate tanks, size: 1 × 1 × 0.3 m water level; flow-through charcoal-filtered de-chlorinated water adjusted to a temperature of 10-12°C). The cytochrome oxidase I sequences of these populations are presented in Hansen et al. (2003) . During routine electrofishing surveys in the River Test in the south of the UK, infected grayling were collected and examined at the Weymouth Laboratory, CEFAS for the presence of specimens of Gyrodactylus. Ammonium picrate glycerine mounted specimens of G. thymalli deposited in the CEFAS parasitology collection from surveys conducted in April 1997 and 1999 were borrowed and analysed alongside the Norwegian material. The water temperatures in the River Test at the times of collection were 12.4°C and 9.4°C, respectively.
Morphometric analysis. Approximately fifty specimens of each Gyrodactylus strain were removed and air-dried onto glass slides to ensure that flat preparations were obtained. For analysis, the specimens were then rehydrated by fixation in situ with a single drop of ammonium picrate glycerine and a coverslip placed over the worm. Specimens were photographed using a JVC KY-F30B 3CCD camera with an interfacing ×2.5 top lens fitted to an Olympus BH2 compound microscope under a ×100 oil objective, and measured using Zeiss KS300 iC/Windows Release ver. 3.0 (1997) (Carl Zeiss Vision GmbH, München, Germany/Imaging Associates Ltd, Thame, Oxfordshire, UK) software. A total of 25 point-topoint measurements were made on each specimen. The measurements used were: hamulus (H): total length (HTL), point length (HPL), shaft length (HSL), root length (HRL), aperture distance (HAD), proximal shaft width (HPSW), hamulus inner angle (HIA); ventral bar (VB): total length (VBTL), total width (VBTW), process-to-mid length (VBPML), median length (VBML), process length (VBPL), membrane length (VBMBL); marginal hook (MH): total length (MHTL), shaft length (MHSHL), sickle length (MHSL), sickle proximal width (MHSPW), sickle distal width (MHSDW), sickle toe length (MHSTL), sickle aperture (MHAD). Five new morphometric variables are also described here: marginal hook (MH): instep height (MHIH); hamulus (H): distal shaft width (HDSW), inner curve length (HICL), aperture angle (HAA), point curve angle (HHPCA). The derivation of each measurement is presented in Figs. 1-4 .
Statistical analysis. The cosine was taken to transform the data for the angle-based morphometrics (hamulus inner angle, hamulus aperture angle, hamulus point curve angle) to a linear function prior to analysis. The data were then analysed by univariate, non-parametric Kruskal-Wallis post hoc tests and by forward stepwise linear discriminant analyses using GraphPad InStat ver. 3.06 (GraphPad Software Inc., 1992 -2003 and Statistica 6.0 (StatSoft, Inc., 1997), respectively.
The morphometric data were first analysed by univariate statistics to determine whether differences in single morphometric parameters could be used to separate specimens of populations. The data were subsequently analysed by a multivariate, discriminant analysis approach. Table 1 shows the summary data for all the morphometric measurements made on the opisthaptoral hooks and ventral bars of Gyrodactylus salaris and G. thymalli populations analysed within this study. Table 2 details the significant results of the Kruskal-Wallis post hoc tests. The specimens of G. thymalli collected from the River Rena (Norway) and the River Test (UK) could be readily discriminated from the River Lierelva and River Rauma populations of G. salaris. All four populations of Gyrodactylus could be discriminated on the basis of differences in ten morphometric parameters (hamulus: total length, point length, distal shaft width, inner curve length, point curve angle; marginal hook: total length, shaft length, sickle length, aperture distance and instep height). The Norwegian G. thymalli population but not the UK population could also be discriminated from both G. salaris populations by differences in their ventral bar median lengths, their marginal hook toe lengths and proximal widths of the sickle. The unique morphometric feature that permitted discrimination of the River Test G. thymalli population from the two G. salaris populations was the hamulus proximal shaft width. The G. salaris sample from the River Rauma could also be discriminated from both G. thymalli populations by differences in their hamulus root lengths, the size of the hamulus aperture angle and hamulus inner angle and by differences in their ventral bar process-to-mid lengths. The number of morphometric variables permitting differentiation between the two G. salaris populations was much lower. Only four univariate parameters gave differences, i.e. hamulus: total length, root length, inner curve length; ventral bar: process length. Differentiation between the two G. thymalli populations was much better with significant differences between 12 of the measured parameters.
RESULTS

Univariate statistics
All five newly described characters (hamulus: distal shaft width, inner curve length, aperture angle, point The distance between the base of the hamulus point as defined by point (4) and the lower edge of the dorsal bar attachment point (3). F. Hamulus inner curve length (HICL): A line is drawn from the hamulus point tip (1) to its base (4) and a 90° vector is dropped from this line to the zenith of the inner curve of the hamulus (6-7). curve angle; marginal hook: instep height) gave significant differences between the four populations of Gyrodactylus under study. The hamulus inner curve length was particularly useful permitting some discrimination between both populations of G. salaris and both populations of G. thymalli in addition to the various crosscomparisons of each population. In this analysis, only the marginal hook sickle distal width was apparently redundant in the discrimination of these populations. Table 3 presents the model generated by the linear forward stepwise discriminant analysis, which used 18 of the 25 original variables given in Table 1 . A chisquare test applied to successively removed roots shows that only the first three roots are required to confidently separate the gyrodactylid populations (Table 3 ). The first three roots accounting for 61.4%, 96.6% and 100% of the total variation between specimens respectively, with, in descending order, the hamulus shaft length, the hamulus total length and the marginal hook instep height contributing the most to the overall discrimination of specimens. When the canonical scores from the linear discriminant analysis are plotted and viewed in the first two planes (Fig. 5) , it can be seen that the G. salaris and G. thymalli specimens are clearly separated, as are the two G. thymalli populations. When the data are viewed in a second projection (Root 3 vs Root 1) (Fig. 6) , it is possible to see a level of separation between the majority of specimens belonging to the two G. salaris populations. When the Mahalanobis distances are calculated for the top 18 variables, the analysis gave an overall correct classification efficiency of 97.7% (see Table 4 ) with all G. thymalli specimens being correctly assigned to their respective G. thymalli populations. The only misclassifications were three specimens of G. salaris from River Lierelva, which were incorrectly assigned to the Rauma population. From the discriminant analysis, the hamulus shaft length was taken as the first The total width in figure (A) is the width of the median portion of the ventral bar; whereas in figure (B) it is the distance between the two ventral bar processes as they extend beyond the limit of the median bar. B. Ventral bar total length (VBTL): The distance between the top of the median bar and the distal edge of the ventral bar membrane as in figure (A) (should the ventral bar lack processes) or it is defined as the distance from the top of the ventral bar processes to the distal edge of the ventral bar membrane as in figure (B). C. Ventral bar process-to-mid length (VBPML): For ventral bars lacking processes (A), this is the perpendicular distance (1) from the top of the distal extremity of the median portion to a parallel line marking its mid-point. For species possessing ventral bar processes (B), the process-to-mid length distance is the perpendicular distance between a line marking the distal edge of the processes to a parallel line marking the top of the median portion of the ventral bar. D. Ventral bar median length (VBML): The perpendicular distance from the top of the median portion of the ventral bar to its base, where it joins with the ventral bar membrane. E. Ventral bar process length (VBPL): The perpendicular distance from the end of the median portion of the ventral bar (1) to the distal point of the ventral bar process (2). Some species such as that shown in (A) have no processes and thus no value for this parameter. F. Ventral bar membrane length (VBMBL): The distance between the lower edge of the median bar and the distal edge of the ventral bar membrane.
Discriminant analysis
step in the discriminant analysis (see Tables 3 and 7) . When this variable alone was considered (Tables 5 and  7) , it was possible to obtain an overall correct classification efficiency of 66.67%, but with misclassifications between all populations. From the analyses it was determined that the total hamulus length contributes a further 17% to the total discrimination of specimens and the marginal hook sickle length an extra 7%. From variables listed in Table 3 , the first six variables are needed for the correct classification of G. salaris specimens as G. salaris and the first ten variables for correct classification of G. thymalli specimens.
From the model, the principal ten elements in decreasing order of their contribution to the separation of specimens in the analysis as determined by their partial lambda scores (see Table 3 ) were the hamulus shaft length (HSL), hamulus total length (HTL), marginal hook instep height (MHIH), ventral bar process length (VBPL), hamulus aperture distance (HAD), hamulus distal shaft width (HDSW), hamulus root length (HRL), marginal hook total length (MHTL), marginal hook sickle distal width (MHSDW) and the ventral bar total length (VBTL). The classification functions for each of the morphometric variables for specimens of each popu- lation of Gyrodactylus used in the discriminant analysis are given in Table 6 . Based on these data and model, a gyrodactylid of unknown location and host could be classified by multiplying the value of each measured morphometric variable with its respective classification function value given in Table 6 The largest value obtained after computation of the classification scores for each Gyrodactylus population determines the most likely origin of that specimen.
To determine the contribution of each variable to the overall discrimination of the species under study, the top variable (or first step) in each preceding run of the stepwise discriminant analysis was removed and the overall correct classification of specimens calculated (Table 7) . Although there are misclassifications between individuals of the two G. salaris populations, the first misclassification of a G. thymalli specimen as G. salaris arises after the removal of the first five key variables (hamulus shaft length, hamulus point length, marginal hook sickle length, marginal hook instep height and the hamulus total length). For each round of analysis, the discriminant analysis uses an optimal number of variables and steps from the variables available to effect the best discrimination of the specimens.
When the data for the two species are considered separately and analysed as shown in Figs. 7 and 8, it can be seen that for G. thymalli only three variables are needed to separate the Norwegian River Rena population from the British River Test population to account for all the variation between the two (Fig. 7) . For G. thymalli, the hamulus shaft length accounts for 95.8% of the total variation, the hamulus total length for a further 2.8% and the marginal hook total length for the remaining 1.4%. Full discrimination between the two G. salaris populations was not possible, the first five variables accounting for only ca. 93.5% of the total variation between them (Fig. 8) . Despite the subsequent addition of extra morphometric characters, the overall percentage of correct classification is reduced. While adding further characters improves the correct classification of specimens in one population, the data become over-fitted, and the overall percentage of correct classification falls.
DISCUSSION
Sequences of the cytochrome oxidase I provide a genetic framework for separating populations of Gyrodactylus salaris and G. thymalli (see Hansen et al. 2003 , Meinilä et al. 2004 ) and the present study tested whether different populations of these species bearing different mitochondrial haplotypes could be discriminated using morphometric methods. An earlier study by McHugh et al. (2000) demonstrated that G. salaris and G. thymalli could be separated to a high degree of accuracy (98+%) when statistical methods of classification (linear discriminant analysis and k-nearest neighbours) are applied to morphometric data. An extension of the linear discriminant analysis technique in the present study has permitted the discrimination of two laboratory-reared populations of G. salaris and two populations of G. thymalli, to a high degree of accuracy (ca. 97%). When the current data were pooled for each species and analysed by linear discriminant analysis, there was complete discrimination of G. salaris (Rivers Lierelva & Rauma) from G. thymalli (Rivers Rena & Test) . When the four populations were considered, then the only misclassifications included three specimens of G. salaris from the River Lierelva population, which were confused with specimens of G. salaris from the River Rauma population. All the specimens of G. thymalli from the River Test (UK) and the River Rena (Norway) and the G. salaris individuals from the River Rauma were correctly assigned. Separation of the two populations within a species was, therefore, possible. Differing environmental conditions, however, may account for the relative ease with which the two G. thymalli populations were separated. Whilst, the Norwegian River Rena population was maintained under standardized laboratory conditions, the specimens of G. thymalli from the River Test (UK) were taken directly from the river.
The application of image analysis to gyrodactylid morphology has facilitated the collection of complex parameters. Using digital calipers, accurate measurements can be taken on characters that have curved features. Five new morphological characters, one of the marginal hook and four of the hamulus, were described for G. salaris and G. thymalli and assessed in this study. The proximal part (or foot) of the marginal sickle is generally poorly described with few descriptive details pertaining to the size and shape of the heel and toe portions. Although Shinn et al. (2001) added the measurement of the toe to the list of morphometric characters, the degree to which the toe and/or the heel dropped away from the sickle base was not considered. The addition of the marginal hook instep height (MHIH) or arch height permits a basic numeric assessment of one further feature of the sickle. Future studies could consider the width of the heel taken as the perpendicular distance between a line parallel with the sickle shaft to the heel's most distal point. The sickle proximal part is commonly referred to as "narrow" or "robust", the utility of taking the depth of the sickle base might be considered. The depth would be the perpendicular distance between two parallel lines, one joining the nadirs of the toe and heel and the second lying along the bridge or upper flat surface of the sickle base. In this study, the height of the marginal hook instep was valuable in discriminating both populations of G. salaris from both populations of G. thymalli in the univariate statistical tests ( Table 2 ). The instep height also made the third largest contribution to the overall discrimination of all populations in the discriminant analysis (Table 3) . The four new characters described for the hamulus are the distal shaft width (HDSW), the inner curve length (HICL), the aperture angle (HAA) and the point curve angle (HPCA). Shinn et al. (2001) demonstrated the value of the newly described hamulus inner angle (HIA) in discriminating G. salaris from other Gyrodactylus species parasitizing British salmonids. The hamulus angle, however, describes only the inner curve of the hamulus. Therefore, we expected the measurement of the external curve (HAA) and its width Table 1 . Summary of the morphometric measurements for the two species of Gyrodactylus analysed in this study. Each measured feature is given as micrometres (µm) followed by the standard deviation and the range (in parentheses). R -river; n -number of specimens measured. (HDSW) through the same points to be more informative rather than stating that the hamulus is "thin" or "robust". The point of the hamulus is not always straight, therefore, the introduction of the hamulus point curve angle attempted to provide a quantitative description of the hamulus in this region. All four parameters discriminated the four populations of Gyrodactylus under study. The distal shaft width (HDSW), the inner curve length (HICL) and the point curve angle (HPCA) were found to give significant differences in the univariate pair-wise comparisons ( Table 2 ). The hamulus aperture angle (HAA) was useful in discriminating the specimens of G. salaris from the River Rauma from both populations of G. thymalli (Table 2) . Only four characters discriminated the two G. salaris populations (HTL, HRL, VBPL and HICL), the latter representing one of the newly described morphometric variables (Table 2). This latter measurement and those made for the hamulus point curve angle (HPCA), were useful in discriminating the two populations of G. thymalli from each other. Three (HICL, HDSW, HPCA) of the four variables were among the top 18 variables upon which the discriminant analysis was based, confirming their value. Out of the morphometric parameters measured and assessed, only the marginal hook sickle distal width (MHSDW) did not contribute to the discrimination of the specimens of the populations analysed in this study. This latter determination was also confirmed by the discriminant analysis (Table 7) where the marginal hook sickle distal width is the last parameter to be used in the stepwise model. When the two G. salaris populations were subjected to univariate analysis, only four morphometric characters were significantly different between the two populations. Similarly, complete discrimination between the two populations using discriminant analysis was impossible. Nevertheless, the level of discrimination that was observed between the two G. salaris populations is encouraging, although much lower than that observed between the two G. thymalli populations. The G. salaris populations were first of all separated on the basis of differences in the size of their hamuli and ventral bars rather than their marginal hooks which are generally regarded as the key taxonomic structure.
In the discrimination of the two G. thymalli populations (Figure 7) , the three informative characters were measurements that had been used previously (HSL, HTL, MHTL), whereas those that were useful in separating the two G. salaris populations (Fig. 8) were a mixture of previously used (HTL, VBPL, VBTL) and the newly described parameters (HAD, MHAD) (this study and Shinn et al. 2001) . Although the morphological form of the marginal hook is generally regarded as the key taxonomic criterion in the discrimination of species (Malmberg 1970) , it is interesting to note that the hamuli are the most informative structures in this Overall correct classification efficiency = 97.73%. *After the removal of the variables at this point, specimens of G. thymalli begin to be misclassified. **Once this variable has been removed then there are no further variables left for analysis. 1 The following parameters are defined by Statistica as: Wilks' lambda is given as "the ratio of the determinant of the withingroups variance/covariance matrix divided by the determinant of the total variance/covariance matrix". F value is "F = [(n-qp)/(q-1)] × [(1-partial lambda)/partial lambda] where n = nos. of cases, q = nos. of groups, p = nos. of variables, partial lambda = ratio of Wilks' lambda after adding the respective variable over the Wilks' lambda before adding the variable".
study. The marginal hook, notably for the separation of the G. salaris populations, plays an arguably minor role. The present study has shown that statistical classification of morphometric characters can separate populations of Gyrodactylus bearing different mitochondrial haplotypes. We conclude that despite large overlaps in the measurements of individual morphometric characters, the statistical classification of distance landmarks is a powerful tool in gyrodactylid taxonomy.
